Objective-Recent studies suggest that the E-selectin ligands expressed on human leukocytes may differ from those in other species, particularly mice. To elaborate on this, we evaluated the impact of glycosphingolipids expressed on human myeloid cells in regulating E-selectin-mediated cell adhesion. Approach and Results-A series of modified human cell lines and primary neutrophils were created by targeting UDP-Glucose Ceramide Glucosyltransferase using either lentivirus-delivered shRNA or CRISPR-Cas9-based genome editing. Enzymology and mass spectrometry confirm that the modified cells had reduced or abolished glucosylceramide biosynthesis. Glycomics profiling showed that UDP-Glucose Ceramide Glucosyltransferase disruption also increased prevalence of bisecting N-glycans and reduced overall sialoglycan expression on leukocyte N-and O-glycans. Microfluidics-based flow chamber studies demonstrated that both the UDP-Glucose Ceramide Glucosyltransferase knockouts and knockdowns display ≈60% reduction in leukocyte rolling and firm adhesion on E-selectin bearing stimulated endothelial cells, without altering cell adhesion to P-selectin. Consistent with the concept that the glycosphingolipids support slow rolling and the transition to firm arrest, inhibiting UDP-Glucose Ceramide Glucosyltransferase activity resulted in frequent leukocyte detachment events, skipping motion, and reduced diapedesis across the endothelium. Cells bearing truncated O-and N-glycans also sustained cell rolling on E-selectin, although their ability to be recruited from free fluid flow was diminished.
P -(CD62P), E-(CD62E), and L-selectin (CD62L) constitute a family of C-type lectins that initiate the multistep process of leukocyte recruitment at sites of inflammation. [1] [2] [3] Among these, P-and E-selectin are expressed on stimulated endothelial cells, and they mediate the direct capture of leukocytes to the inflamed vessel. L-selectin is expressed on leukocytes, and this facilitates secondary capture via leukocyte-leukocyte adhesion. All members of the selectin family bind cell-surface glycoconjugates expressed on blood leukocytes with rapid on-and off-rates in a calcium-dependent manner. [4] [5] [6] Such high on-rates enable the capture or tethering of leukocytes from flowing blood. Following this, a succession of rapid bond formation and breakage events results in cell rolling on the vessel wall. Rolling provides residence time during which leukocytes can be activated by chemokines expressed on the inflamed endothelium and also via signaling through selectinligand bonds. This then leads to firm adhesion and leukocyte diapedesis across the vascular endothelium. Similar to leukocyte adhesion during inflammation, selectin-mediated binding also regulates lymphocyte homing, hematopoietic stem cell migration, and cancer metastasis.
Our knowledge regarding the glycoconjugates that bind selectins during inflammation comes, in large part, from studies using transgenic mice or human blood. Such studies have demonstrated that the sialyl Lewis-X (sLe X ) tetrasaccharide attached to a core-2 O-glycan at the N-terminus of P-selectin glycoprotein ligand-1 (PSGL-1, CD162) is a major ligand for P-and L-selectin in both humans and mice. [7] [8] [9] Although only 2% of the overall O-glycans of human PSGL-1 contain the sLe X core-2 O-glycan, 10 in myeloid cells, this structure constitutes ≈20% of the carbohydrates at Thr-57 on the N-terminus of this glycoprotein. 11 With regard to E-selectin, the physiological carbohydrate ligands likely differ between mice and humans. 1, 3 Notably, the rolling of mouse neutrophils on E-selectin is protease-sensitive but this is not the case for human leukocytes. 12, 13 Further, although the E-selectin ligands in mouse neutrophils have largely been identified to include PSGL-1, E-selectin ligand-1, and CD44, 14 the major players in humans remain unknown. 1, 3 In this regard, PSGL-1 is a relatively minor ligand for human E-selectin, and there is no homolog for E-selectin ligand-1 in humans. 1, 15 Also, functional sialofucosylated CD44 glycoforms do not exist in mature leukocytes. 16 Other candidate E-selectin glycoconjugate ligands in humans include CD43, integrin Mac-1, L-selectin, and glycosphingolipids (GSLs). [1] [2] [3] The absolute and relative importance of these macromolecules to human leukocyte adhesion remains unknown.
Among the E-selectin ligands, the current study evaluated the potential importance of GSLs during selectin-dependent myeloid cell adhesion because proof supporting their functional importance is incomplete. In this regard, previous studies have suggested that a group of sialofucosylated lactosylceramides called myeloglycans can bind E-selectin. 17, 18 These GSLs contain 4 or more N-acetyllactosamine (LacNAc) repeats, with one or more internal fucose residues. 18 NeuAc α2,3Galβ1,4GlcNAcβ1,3[Galβ1,4(Fucα1,3)GlcNAcβ1,3] 2 [Galβ1,4GlcNAcβ1,3] 2 Galβ1,4GlcβCer represents a prototypic myeloglycan selectin-ligand. 19, 20 In these studies, myeloglycans extracted from human promyelocytic HL-60 cells (HL-60s) 19 and also primary human neutrophils 20 were shown to support the rolling of E-selectin expressing Chinese Hamster Ovary cells under shear. Additionally, inhibition of glycolipid biosynthesis by the small molecule P4 (D-threo-1-phenyl-2palmitoylamino-3-pyrrolidino-1-propanol) for 24 hours partially (≈50%) reduced neutrophil binding to immobilized E-, but not P-, selectin under static conditions. 20 However, these studies were not conducted under fluid shear, a necessary condition to demonstrate the physiological relevance of the GSL ligands. 21 Further, pharmacological treatments can have nonspecific effects, and the short-term (24 hours) treatment may leave residual GSLs on cells that did not turn over rapidly.
In the current study, we developed shRNA-based knockdown and clustered regularly interspaced short palindromic repeats/clustered regularly interspaced short palindromic repeat-associated 9 (CRISPR-Cas9)-based knockout strategies to disrupt lactosylceramide biosynthesis because this provides a specific strategy to evaluate the ability of the GSLs to function as E-selectin ligands. To this end, we targeted UDP-Glucose Ceramide Glucosyltransferase (UGCG) 20, 22, 23 because mammalian hematopoietic cells primarily contain glucosylceramides with a neolacto core (Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ1-Cer). 24 This strategy was applied to HL-60 promyelocytic leukocytes, HL-60s differentiated to neutrophils, and primary neutrophils derived from human hematopoietic stem cells (hHSCs). The results show that UGCG disruption both prevents stable human granulocyte rolling and reduces diapedesis across inflamed endothelial cells. Thus, GSL binding to endothelial E-selectin may control the transition from myeloid cell rolling to firm arrest at sites of inflammation.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Human but Not Mouse Leukocyte Adhesion to E-Selectin Is Pronase-Insensitive
We sought to confirm that human leukocyte and HL-60 rolling on E-selectin is pronase (a mixture of proteases)-insensitive 12, 13 ( Figure 1 ). Here, mouse neutrophil rolling and adhesion on E-selectin (stimulated human umbilical vein endothelial cells [HUVECs]) was abrogated by pronase ( Figure 1A ). This was not the case for either primary human neutrophils ( Figure 1B ) or HL-60 cells ( Figure 1C ). In both Figure 1B and 1C, pronase decreased the number of adherent cells without altering cell rolling density. On recombinant P-selectin, the rolling of all cell types was abolished by pronase ( Figure 1D-1F ). Blocking mAbs against human (KPL1) and mouse (2PH1) PSGL-1 abrogated rolling on P-(bottom row) but not E-selectin. Thus, the N-terminus of PSGL-1 does not contain a major E-selectin ligand (top row). Additional controls confirmed that the molecular interactions in Figure 1A -1C could be completely blocked by anti-E-selectin mAbs (HAE-1f or P2H3), and cell binding in Figure 1D -1F was abrogated by anti-P-selectin mAb G1 (data not shown 7, 25, 26 ).
To evaluate the effectiveness of pronase on reducing cell surface glycoprotein levels, the binding of a panel of mAbs to human neutrophils and HL-60s was evaluated ( Table I in the online-only Data Supplement). Here, the binding of some of the mAbs like anti-PSGL-1 was dramatically reduced by pronase, whereas others like anti-CD45 and mAb HECA-452 were only partially (≈60%) reduced. Cell surface Mac-1/CD11b was reduced by 62% to 87%, and this may account for the reduced firm adhesion noted in Figure 1B and 1C. Overall, differences between mouse and human leukocyte rolling on E-selectin were confirmed. This effect could be because of GSL ligands that are unique to human cells, residual glycoprotein E-selectin ligands that were not digested by pronase, or the exposure of new functional epitopes in human cells that were previously cryptic.
Silencing UGCG in HL-60s
ShRNA was applied to silence UGCG on HL-60s to address the shortcomings of the pronase approach ( Figure 2 ). This caused a 93% reduction in UGCG mRNA expression as measured by quantitative real-time polymerase chain reaction (Tables II and  III in the online-only Data Supplement). Stable UGCG knockdown HL-60s (ie, UGCG¯HL-60) with red fluorescence were then obtained by inserting a DsRed reporter in the lentiviral vector ( Figure 2A ). Reduction in UGCG enzyme activity in these DsRed-positive UGCG¯HL-60s was confirmed by enzymology ( Figure 2B ). Here, the C6-NBD-Cer substrate was converted to C6-NBD-GlcCer on addition of UDP-Glc and wild-type (WT) Figure 2C ), the UGCG¯HL-60s displayed an ≈75% reduction in sLe X and related epitopes recognized by mAb HECA-452 (left panel) and ≈35% reduction in mAb CSLEX-1 binding (middle). UGCG¯HL-60 rolling on P-selectin under fluid shear was identical to WT HL-60s ( Figure I in the online-only Data Supplement). Thus, the core-2 sLe X at the N-terminus of PSGL-1 remained intact in the knockdown cells. In contrast, UGCG silencing reduced HL-60 rolling density on E-selectin bearing-stimulated HUVECs by ≈60% ( Figure 2D ) and augmented cell rolling velocity by 2-fold ( Figure 2E ). Anti-PSGL-1 mAb KPL-1 abolished UGCG¯HL-60 rolling on P-selectin but not HUVECs. Pronase reduced the number of adherent UGCG¯HL-60s on HUVECs without affecting cell rolling density. The residual rolling could be either because of incomplete UGCG silencing or pronase insensitive selectinligands. Overall, disrupting GSL biosynthesis reduced cell rolling on E-selectin.
Genome Editing and Glycome Analysis of UGCG-KOs
Genome editing allows complete deletion of specific enzyme activity unlike RNAi, which is incomplete. 25, 28 HL-60 knockouts (KO) were thus generated using CRISPR-Cas9 method ( Figure 3 ). The UGCG-KO cell line thus created contained a 16bp chromosomal deletion as seen in the sequencing results ( Figure 3A ). Only one UGCG allele was sequenced here because UGCG is present on chromosome-9, and spectral karyotyping of HL-60 demonstrates the loss of the second copy because of a chromosome-9 translocation. 29 The absence of off-target editing was also confirmed by sequencing all potentially similar exonic off-target sites. Consistent with this, enzymology-based thin-layer chromatography demonstrates the complete loss of UGCG activity in the UGCG-KO cell lysates ( Figure II in the online-only Data Supplement). Loss of glycolipids was also confirmed using liquid chromatography-mass spectrometry-based lipidomics analysis 30, 31 ( Figure III in the online-only Data Supplement). Here, C16-, C24-HexCer, and C16-, C24-(Hex) 2 Cer were detected in WT HL-60s, but these were completely depleted in the UGCG-KOs.
UGCG-KO HL-60s displayed ≈80% reduction in cutaneous lymphocyte antigen/HECA-452 ( Figure 3B , top left), ≈50% reduction in sLe X expression (top right), and a small decrease in Le X expression (bottom left). These findings are similar to the UGCG¯HL-60 results ( Figure 2C ). MAb VIM-2 expression was unchanged, suggesting that this reagent may also recognize glycans on non-GSL glycoconjugates 32 ( Figure 3B , bottom right). In lectin-binding studies, the UGCG-KOs did not show substantial changes in N-glycan structures as measured using L-PHA (Phaseolus vulgaris Leucoagglutinin) binding, or overall sialylation using both Mal-II (Maackia Amurensis lectin-II) and PNA lectin (Peanut lectin; Figure 3C ). The O-glycan profile of the WT HL-60s consisted of core-1 (m/z 895 and 1256) and core-2 (m/z 983, 1344, 1518, and 1879) structures ( Figure 3E , top panel). 25 In the UGCG-KO HL-60s, overall, similar structures were observed, however, accompanied by a decreased sialylation ( Figure 3F , bottom panel). In this regard, we noted a decrease in the double sialylated-Tn antigen (m/z 1256) over the sialylated-Tn antigen (m/z 895), a decrease of the double sialylated core 2 O-glycan (m/z 1705) over the monosialylated core 2 O-glycan (m/z 1344), and a reduction in core-2 O-glycans carrying the sLe X terminal epitope (m/z 1879; Figure 3D , top versus bottom panels). Thus, a decrease in N-and O-glycan sialylation accompanied UGCG silencing/deletion.
UGCG-KO HL-60s Exhibit Skipping Motion on Stimulated Endothelial Cells
The effect of UGCG disruption on cell rolling and adhesion was quantified ( Figure 4 ; Movie A in the online-only Data Supplement). Here, consistent with the silencing approach, the UGCG-KO HL-60s displayed a 50% reduction in cell rolling and 70% reduction in firm adhesion density on stimulated HUVECs where cell adhesion is E-selectin-dependent ( Figure 4A ). Pronase did not alter the total number of interacting cells, though it decreased the proportion of adherent cells and increased the median rolling velocity of both the WT and the UGCG-KO HL-60s by ≈1.5to 2-fold ( Figure 4B ). UGCG-KOs treated with pronase exhibited a 3-to 4-fold higher median rolling velocity compared with the WT Bold underlined text highlights the guide RNA sequence, and the bold italicized text denotes the protospacer adjacent motif (PAM/NGG). Only one UGCG allele was sequenced because UGCG is present on chromosome-9, and spectral karyotyping of HL-60 demonstrates the loss of the second copy because of the chromosome-9 translocation. B, Flow cytometry histograms present cell surface expression of cutaneous lymphocyte antigen (CLA)/HECA-452, sialyl Lewis-X (sLe X )/CSLEX-1, Le X /CD15, and VIM-2/CD65s epitopes on WT (black empty histogram) and UGCG-KO HL-60s (gray filled). Dashed empty histogram is isotype control. Mean±SEM data for WT and KO cells is presented in inset. C, L-PHA-FITC (left), Mal-II-biotin (middle), and PNA-FITC (right) lectin binding to WT (black empty) and UGCG-KO (gray filled) HL-60s measured using flow cytometry. Before PNA-FITC staining, the cells were desialylated using α2,3/6/8/9 neuraminidase from A. ureafaciens. In all panels, dashed histograms correspond to cells alone without lectins. Cells incubated with Mal-II-biotin were subsequently detected using α-biotin-FITC. Hatched peaks indicate negative controls: WT cells treated with neuraminidase (middle) and without neuraminidase (right). UGCG knockouts display reduction in CLA and sLe X epitopes (*P<0.05 with respect to WT), but no major change in lectin binding. D, Partial MALDI-TOF MS (matrix-assisted laser desorption/ionization time-of-flight mass spectrometry) spectra of permethylated N-glycans of WT (upper) and UGCG-KO (lower) HL-60 cells. Spectra are from the 50% acetonitrile fraction. Red peaks correspond to decreased sialylated structures, whereas green peaks correspond to increased bisected structures in the UGCG-KO HL-60s (lower). The increase in bisected N-glycans in the UGCG-KO is supported by comparing the relative intensity of ions at m/z 3748 to 3503 (blue peaks). In WT, the ratio of these peaks is 0.356. In the UGCG-KO, it is 1.183, thus suggesting an ≈232% increase in bisected structures in the UGCG-KO HL-60s. Full spectra are shown in Detailed tethering analysis on stimulated HUVECs confirmed that the disruption of GSL biosynthesis may reduce the stability of leukocyte rolling ( Figure 4C-4F) . Here, the number of tethers formed was similar for all treatments ( Figure 4C ). Among these cells, only 5% cell detachment was observed in the case of WT HL-60s with 65% of the tethered cells eventually transitioning to firm arrest over 4 minutes ( Figure 4D ). For all other treatments, the number of adherent cells decreased dramatically. Both pronase treatment and knocking out UGCG caused 50% to 60% of the tethered cells to detach in the experimental window. Detachment was even higher (≈80%) when pronase was applied to the UGCG-KO HL-60s. The additive effect of pronase and UGCG deletion was also noted on following individual cell trajectories ( Figure 4E and 4F) . Here, the WT HL-60s exhibited robust rolling with low, stable velocities (top panels). Pronase (second panel) and UGCG gene disruption (third from top) often increased instantaneous rolling velocities to 200 to 250 μm/s, with frequent cell skipping motion leading to detachment events. Thus, the cumulative distance travelled by these Figure 2D and 2E, respectively. Statistical symbols are same as in Figure 1 . In addition, ** denotes statistically significant difference (P<0.05) in cell rolling with respect to all other treatments. UGCG-KO HL-60s display ≈60% reduced rolling and adherent cell density, with ≈3-fold higher median rolling velocity compared with WT HL60s. Pronase further increased rolling velocity. C, Individual columns present total number of cell tethers formed in a 4-minutes interval. Number of tethers did not vary significantly with cell type or on pronase treatment. D, Tethered cells (normalized to 100%) were classified into (1) adherent, (2) rolling, or (3) detached cells as defined in Methods. Cell detachment was prominent in UGCG-KO HL-60 cells (for detached cells: ‡P<0.05 with respect to all treatments except ‡s are not different from each other, and #P<0.05 with respect to all other treatments). Number of adherent cells is also highest for WT HL60s ( †P<0.05 with respect to all treatments except †s are not different from each other). Instantaneous rolling velocity (E) and cumulative distance travelled with time (F) for 5 representative cells for each treatment. WT HL-60s rolled stably at 3 to 15 μm/s, whereas all the other cell types show abrupt increases in rolling velocities as seen in the intermittent peaks ≤250 μm/s. Detachment events are depicted by up arrows in F. UGCG indicates UDP-Glucose Ceramide Glucosyltransferase.
cells was higher. The strength of cell interactions was further decreased on pronase treatment of UGCG-KO HL-60s ( Figure 4F ). Similar experimental results as with the UGCG-KOs were also observed on performing tethering analysis on the UGCG¯HL-60s ( Figure VIII in the online-only Data Supplement).
UGCG Disruption Reduced Cell Transmigration
HL-60s were differentiated toward neutrophils using DMSO to determine whether reduced UGCG activity affects leukocyte transmigration across HUVEC monolayers ( Figure 5 ; Movie B in the online-only Data Supplement). During such differentiation, HL-60 cell size decreased to more closely resemble the size of primary human neutrophils. CD11b expression on the WT HL-60s also increased 5-fold over 5 days, with cell differentiation proceeding markedly faster for the UGCG-KOs and UGCG¯HL-60s ( Figure 5A ). Although the sLe X expression on the undifferentiated UGCG-KO was low compared with WT-HL-60s, the HECA-452 binding/sLe X expression was comparable for both cells on differentiation. Further, Le X levels were reduced for all cell types at day 5. On differentiation, the WT, UGCG¯HL-60s, and UGCG-KOs all acquired an ability to transmigrate across the endothelium.
Both the undifferentiated and differentiated HL-60s displayed rolling and firm adhesion interactionsm though the fraction of cells transitioning to firm arrest was higher for the differentiated cells. This is presumably because of the smaller size and higher Mac-1 expression levels of the differentiated cells ( Figure 1C versus Figure 5B ). An ≈50% to 60% reduction in rolling and adherent cell density was observed for both the differentiated UGCG‾ and UGCG-KO HL-60s compared with WT. Although pronase only partially reduced the number of adherent cells in the case of differentiated WT HL-60s, it reduced the total number of interacting cells by ≈80% to 90% in the case of the differentiated cells lacking UGCG (both knockdowns and knockouts).
In static transmigration assays, differentiated HL-60 transmigration was reduced by anti-CD18 blocking mAb IB4 consistent with previous data, 33 and it was abolished by pronase ( Figure 5D ). The anti-E-selectin mAb P2H3 partially reduced transmigration efficacy, although the effect did not reach statistical significance. In addition, both the UGCG knockdowns and knockouts displayed reduced transmigration by 50% to 60% under static conditions. The effect of UGCG disruption on leukocyte transmigration was more prominent under hydrodynamic shear (65% to 80% reduction), likely because of the reduced recruitment of these cells on E-selectin-expressing stimulated HUVECs under flow ( Figure 5C ).
UGCG Disruption Reduces the Recruitment of Primary Neutrophils Derived From hHSCs
To determine the role of the GSLs in regulating primary human myeloid cell adhesion, lentiviral gene silencing was performed on CD34+ hHSCs while they were being differentiated toward neutrophils ( Figure 6 ). This typically resulted in ≈25% to 35% red fluorescence cells because both the control and the UGCG shRNA virus carried a DsRed reporter ( Figure 6A ). Microfluidics-based cell adhesion assays then followed the transduced, fluorescent control (DsRed-Neu) and knockdown (UGCG¯-Neu) cells. Here, on interleukin-1β-stimulated HUVEC monolayers, an ≈50% reduction of cell adhesion was robustly observed in hHSCderived UGCG¯ neutrophils compared with the DsRed + controls ( Figure 6B ). Thus, similar to the HL-60s, attenuation of UGCG activity reduced primary granulocyte adhesion under physiological flow.
Discussion
Methods to disrupt E-selectin-mediated cell adhesion and the identification of physiological human E-selectin ligands is important, both in the context of inflammatory diseases and hematopoietic stem cell homing. 1, 3 This is because leukocyte rolling on E-selectin results in slower rolling velocities compared with L-and P-selectin because of low molecular binding on-and off-rates. 26, 34, 35 Such slow rolling enhances leukocyteendothelium contact, facilitating enhanced cell activation, the conversion of rolling cells to firm arrest, and diapedesis. Additionally, unlike the human ortholog, the murine Selp gene is uniquely responsive to inflammatory cytokines like tumor necrosis factor-α and interleukin-1β because it has binding sites for multiple transcription factors, including NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) and ATF-2 (activating transcription factor 2). 36 Because our understanding regarding the relevance of selectins largely comes from murine disease models where P-selectin has an exaggerated role, it is possible that current literature underestimates the contributions of E-selectin to human ailments. Finally, the physiological E-selectin ligands in humans are unknown, and their definition is clinically significant as it can identify new anti-inflammatory drug targets.
This work suggests that the GSLs are likely to be critical E-selectin ligands specific to human leukocytes. Under the most stringent conditions, the demonstration that a particular molecule is a functional selectin-ligand requires that it satisfy 4 criteria (modified from Varki 21 ) . First, the ligand should be expressed in the right place at the right time. This is satisfied by the GSLs because they are expressed on the human myeloid cell surface and they bear various sialofucosylated glycans. 18, 20, 25 Second, it should recognize selectins with high affinity, as demonstrated previously for E-selectin-GSL interactions. [18] [19] [20] These investigators extracted a group of relatively low abundance, sialofucosylated GSLs collectively termed myeloglycans from both primary human neutrophils and HL-60s. These monosialogangliosides contained extended 5 to 6 lactosamine repeat units, terminal α2,3-sialylation, and multiple internal fucose residues. When reconstituted as a substrate in parallelplate flow chambers, the myeloglycans supported the rolling of E-selectin expressing Chinese Hamster Ovary cells under flow.
Third, the deletion of these molecules in relevant cell types should alter selectin-mediated cell adhesion. In this regard, although previous studies used small molecule inhibitors to reduce leukocyte GSL content, 20 adhesion assays under fluid shear could not be performed after pharmacological treatment because human peripheral blood neutrophils are short-lived and the cells adopted an irregular shape when cultured. This limitation is addressed here using precise gene silencing and genome editing to reduce UGCG activity in human myeloid cells. Although the UGCG mRNA levels and enzyme activity were reduced by 93% and 80%, respectively, in the knockdowns, enzyme activity was abolished in the knockouts. Similar changes in cell surface glycan expression and rolling was observed using both the knockouts and knockdowns, suggesting that the findings reported here are robust. Similar observations were also made with different cell types, including WT HL-60s, differentiated HL-60s, and primary neutrophils derived from hHSCs.
With respect to the detailed functional role of the GSLs, UGCG disruption did not affect the leukocyte tethering rates on E-selectin bearing-stimulated HUVECs under flow. However, although WT HL-60s displayed continuous slow rolling, both the knockouts and knockdowns displayed skipping motion that was characterized by high intermittent instantaneous velocities. Here, leukocytes released from the stimulated HUVEC monolayer were recaptured downstream in a fraction of the cases. The unstable motion of the UGCG-deficient cells resulted in ≈50% to 60% reduction in the number of rolling and adherent cells on the HUVEC monolayer. Median rolling velocity was also increased by 2-fold. These data are consistent with the notion that the GSLs promote slow rolling on the endothelium because they reside closer to the cell membrane compared with the glycoproteins which extend further away. Such slow rolling may promote the transition of tethered and rolling cells to firm arrest.
The fourth and most stringent requirement to demonstrate that a given molecule is a functional selectin ligand is that function blocking mAbs or other specific reagents that can perturb one molecular interaction without altering other bystanders must be developed. To date, the only selectin-ligand to fully satisfy this criterion is PSGL-1 for which function blocking mAbs are available. 37 To determine whether similar specificity can be established for the UGCG knockout/down approach, we performed both flow cytometry with functionally relevant mAbs/lectins and comprehensive glycomic profiling of N-/O-glycans. Here, the glycans in the WT and KO cells were qualitatively identical, albeit with some quantitative differences. First, although PHA-L lectin binding did not show a change in the pattern of N-glycan branching, glycomics profiling revealed an increased prevalence of bisected N-glycans. Based on quantitative real-time polymerase chain reaction, this change can be explained by a decrease in the mRNA levels of the branching GlcNActransferases (GnT-IV and -V) on UGCG disruption, which may account for the apparent increase in activity of the bisecting enzyme, GnT-III ( Figure IX in the online-only Data Supplement). Second, knocking out UGCG reduced the binding of 2 mAbs that bind sLe X and related epitopes on O-glycans, N-glycans and GSLs, HECA-452 [38] [39] [40] (70% reduction), and CSLEX-1 41 (35% reduction). A reduction in N-and O-linked sialoglycan expression was also noted using glycomics profiling. Thus, alterations in the glycolipid pathway have systems-level effects that perturb the output of other apparently unrelated pathways. Additional studies are necessary to more precisely define the regulation of these glycosylation gene regulatory networks. 42 This may explain why the perturbation of glycolipid biosynthesis results in a more profound reduction in transendothelial migration compared with the blockade of E-selectin-binding function.
To more precisely determine whether the reduced cell adhesion properties of the UGCG-deficient cells are directly caused by the contribution of the GSLs to leukocyte adhesion or whether they are an indirect effect because of changes in O-/N-glycans, we created additional CRISPR-Cas9 HL-60-KO variants where the biosynthesis of O-and N-glycans was abrogated by knocking out the T-synthase chaperone COSMC and GlcNAcT-I gene MGAT1 (G. Stolfa et al, in preparation). These dual knockouts lacking O-and N-glycans displayed reduced cell surface sLe X expression. Although these cells were not recruited onto E-selectin substrates efficiently under continuous fluid shear, they could sustain cell rolling if captured under static conditions before a ramped increase in applied shear. Taken together with the UGCG-KO data presented in the current article, these observations support a role for the GSLs in sustaining the slow rolling of human myeloid cells. Because of this, the abrogation of GSL biosynthesis reduced the transition of the rolling cells to firm arrest and subsequent extravasation.
In conclusion, human genetic perturbation studies in the current article show that the GSLs are likely to function as E-selectin ligands that facilitate the transition of rolling human myeloid cells to firm arrest. It would be interesting to determine whether these same macromolecules also contribute to other selectin-mediated cell adhesion processes in humans, like hematopoietic stem cell homing, lymphocyte adhesion, and tumor metastasis.
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